Introduction {#s1}
============

During each somatic cell division, DNA of the parent cell is precisely duplicated and distributed into two identical daughter cells. As a result of this process, however, more than just genetic information is inherited. The packaging of the DNA as heterochromatin and euchromatin must also be faithfully reestablished in order to maintain the epigenetic state of the genome, or the epigenome [@pone.0050023-Alabert1]. Failure to successfully reinstitute the epigenetic signature is a common feature of disease [@pone.0050023-Portela1]. Alteration of the epigenome to switch genes on or off is critical for the differentiation of cells in order to permit highly specialized function. To achieve gene silencing throughout the developmental process, facultative heterochromatin must be established and maintained. The most extensive example of facultative heterochromatin is the mammalian inactive X chromosome (Xi), the end product of X chromosome inactivation (XCI)[@pone.0050023-Lyon1], an essential process that balances the levels of X-linked gene expression between the sexes by silencing most gene expression chromosome-wide [@pone.0050023-Carrel1], [@pone.0050023-Yang1]. Consequently, due to its size the Xi can be readily detected in female nuclei [@pone.0050023-Barr1], providing a valuable cytological model to investigate facultative heterochromatin in general.

In eutherian mammals, an integral component of the process is the X-inactive specific transcript (XIST). XIST is a long non-coding RNA that is expressed exclusively from the chosen Xi [@pone.0050023-Brockdorff1], [@pone.0050023-Brown1], and remains physically associated with the territory of the chromosome at interphase [@pone.0050023-Clemson1]. XIST RNA recruits various chromatin complexes to the Xi [@pone.0050023-Lee1] that assist in repackaging the chromosome into facultative heterochromatin [@pone.0050023-Wutz1] characterized by increased CpG methylation [@pone.0050023-Mohandas1], [@pone.0050023-Pfeifer1], acquisition of repressive histone modifications/variants [@pone.0050023-Boggs1]--[@pone.0050023-Silva1], and a substantial delay in DNA replication during S-phase relative to the active X chromosome (Xa) [@pone.0050023-Gilbert1], [@pone.0050023-Morishma1].

Once established, the Xi is remarkably stable and remains silent even in the absence of XIST/Xist [@pone.0050023-Brown2], [@pone.0050023-Csankovszki1], [@pone.0050023-Rack1]. Many investigations probing the role of chromatin features in maintaining gene silencing at the Xi have taken advantage of a mouse X-chromosome integrated green fluorescent protein (GFP) transgene [@pone.0050023-Hadjantonakis1], that is silenced when located on the Xi. Reactivation from the Xi can be measured by the appearance of GFP. However, the number of cells showing reactivation is very low [@pone.0050023-Csankovszki1], [@pone.0050023-Chan1], [@pone.0050023-Ganesan1], [@pone.0050023-Ouyang1], even when multiple chromatin features are disrupted simultaneously [@pone.0050023-Csankovszki2]. In fact, global reactivation has only been achieved through fusion of female mammalian cells with mouse embryonal carcinoma cells [@pone.0050023-Mise1]--[@pone.0050023-Takagi3], or through forced expression in mouse of exogenous factors as cells revert to a pluripotent state [@pone.0050023-Takahashi1]. These observations highlight the stability of facultative heterochromatin at the Xi.

![WSTF is enriched in the vicinity of the Barr body in female nuclei with no comparable region of enrichment in male nuclei.\
**A** Representative hTERT-RPE1 46,XX nuclei showing WSTF enrichment by indirect immunofluorescence with anti-WSTF from Cell Signaling Technology (CS; Green, left image) or anti-WSTF from Bethyl Laboratories (B; Green, right image). White arrowheads point to the area of enrichment. Nuclei counterstained with DAPI (Blue). **B** Representative female (top row; IMR90 and WI38) and male (bottom row, hTERT-BJ1 and 1140) nuclei showing WSTF distribution (Cell Signaling anti-WSTF, green). White arrowheads point to areas of enrichment. Nuclei counterstained with DAPI (Blue).](pone.0050023.g001){#pone-0050023-g001}

10.1371/journal.pone.0050023.t001

###### Frequency of WSTF enrichment at the Xi.

![](pone.0050023.t001){#pone-0050023-t001-1}

  Cell Type        Number of nuclei scored   Number of nuclei enriched for WSTF at Xi (%)
  --------------- ------------------------- ----------------------------------------------
  RPE1 (46,XX)              2005                              37 (1.85)
  IMR90 (46,XX)              596                               5 (0.84)
  WI38 (46,XX)               899                               9 (1.00)
  BJ1 (46,XY)                321                               0 (0.00)
  1140 (46,XY)               357                               0 (0.00)

Although much is known about the initiation of XCI and the resultant chromatin changes [@pone.0050023-Lee1], our understanding of how the Xi chromatin is faithfully maintained throughout each cell cycle is limited. An attractive period in which facultative heterochromatin can be maintained is during S-phase as the underlying DNA sequence is replicated [@pone.0050023-Probst1]. The Xi replicates in late S-phase [@pone.0050023-Gilbert1], [@pone.0050023-Morishma1], and as such one would anticipate transient association of chromatin complexes with the Xi during this period of the cell cycle. We have previously identified the Breast Cancer 1 gene (BRCA1) and the histone variant H2A.X phosphorylated at serine 139 (γ-H2A.X) as features that transiently appear at the Xi during its replication in late S-phase [@pone.0050023-Chadwick1]. BRCA1 is a multifunctional nuclear phosphoprotein [@pone.0050023-Chen1] that has a central role in maintaining genome integrity as part of the DNA damage response pathway [@pone.0050023-Huen1]. Other functions of BRCA1 include associating with a chromatin-remodeling complex [@pone.0050023-Bochar1], inducing alterations in chromatin condensation [@pone.0050023-Ye1], and assisting in heterochromatin mediated gene silencing via ubiquitylation of histone H2A [@pone.0050023-Zhu1]. The histone variant H2A.X is phosphorylated in response to DNA damage [@pone.0050023-Rogakou1] and is common to several different DNA damage response pathways throughout the cell cycle [@pone.0050023-Lukas1], including modulating homology-directed double strand break repair with BRCA1 during S-phase [@pone.0050023-Yun1]. Although the nature of the relationship between BRCA1 and the Xi remains unresolved [@pone.0050023-Pageau1], [@pone.0050023-Xiao1], many functional attributes of the protein support a potential role for BRCA1 in maintaining heterochromatin at the Xi during late S-phase [@pone.0050023-Ganesan1].

![WSTF associates with the Xi as part of either WICH or B-WICH and not the WINAC complex.\
Top row: Indirect immunofluorescent image of hTERT-RPE1 nucleus showing the distribution of BRM (Green) and WSTF (Red). Bottom row: Indirect immunofluorescent image of hTERT-RPE1 nucleus showing distribution of WSTF (Green) and SNF2H (Red). Overlapping signals appear yellow. White arrowheads point to the Xi. Nuclei are counterstained with DAPI (Blue).](pone.0050023.g002){#pone-0050023-g002}

Alternatively, it is also possible that BRCA1 and γ-H2A.X are acting at the Xi during late S-phase in response to DNA damage incurred during replication [@pone.0050023-Yun1]. Replication forks may stall or collapse when impeded, such as when secondary structure, transcription machinery, or a replication fork barrier is encountered [@pone.0050023-Jones1]. Recent studies have highlighted that the DNA damage response and repair pathways not only rectify damage generated by the replication process, but also regulate the progression of replication forks [@pone.0050023-Garner1], [@pone.0050023-Schwab1].

![WSTF associates with the Xi in the WICH complex and is most frequently observed at the nuclear periphery and not in the vicinity of nucleoli.\
**A** hTERT-RPE1 nuclei showing WSTF enrichment (Green) and the location of nucleoli based on Fibrillarin distribution (Red) by indirect immunofluorescence. Examples show WSTF enrichment at the nuclear periphery (Top row), abutting a nucleoli (Middle row), and both peripheral and adjacent to a nucleoli (Bottom row). White arrowheads point to the Xi. Nuclei counterstained with DAPI (Blue). **B** Representative examples, as above, of hTERT-RPE1 nuclei showing WSTF enrichment (Green) and the location of nucleoli based on the hybridization pattern of a direct-labeled rDNA PAC probe RP5-1174A5 (Red). **C** Representative examples, as above, of hTERT-RPE1 nuclei showing WSTF enrichment (Green) and the location of nucleoli based on MYBBP1A distribution (Red) by indirect immunofluorescence. **D** Graph showing the percentage of nuclei for which the location of WSTF enrichment was comparable to one of the three examples depicted in parts **A** (green, n = 93 from five independent experiments), **B** (gray, n = 46 from two independent experiments), and **C** (blue, n = 45 from two independent experiments).](pone.0050023.g003){#pone-0050023-g003}

The goal of this study is to examine the attributes of the protein termed Williams syndrome transcription factor (WSTF)[@pone.0050023-Lu1], [@pone.0050023-Peoples1], which has ties to both chromatin remodeling [@pone.0050023-Poot1] and in mediating the DNA damage response [@pone.0050023-Xiao2]. Here we report the transient association of WSTF partnered with the ATPase subunit sucrose nonfermenting homolog (SNF2H) in the [W]{.ul}STF-[I]{.ul}SWI [Ch]{.ul}romatin remodeling complex (WICH)[@pone.0050023-Bozhenok1] with the Xi during late S-phase as the chromosome is replicated. WSTF is encoded by the WBSCR9 gene at chromosome 7q11.23, and is one of approximately 28 genes that are lost due to a large deletion of 1.5--1.8 Mb from one copy of chromosome 7 in Williams syndrome (OMIM\#194050)[@pone.0050023-Schubert1]. WSTF is a versatile nuclear protein that is a central component of several different chromatin remodeling complexes [@pone.0050023-Barnett1], and more recently was shown to be the kinase responsible for tyrosine 142 phosphorylation of H2A.X [@pone.0050023-Xiao2], a modification that modulates the H2A.X-mediated DNA damage response pathway. Like BRCA1, the many functional attributes of WSTF suggest that this protein may play a multifaceted role at newly replicated DNA.

![The WICH complex is enriched at the Xi during late S-phase as the Xi is replicated.\
**A** hTERT-RPE1 cells showing the distribution of WSTF (Red) by indirect immunofluorescence relative to DNA replicated in the last 10 minutes indicated by BrdU incorporation detected by direct immunofluorescence (Green). White arrowheads point to the Xi. Nuclei counterstained with DAPI (Blue). The last panel in the series highlights the overlap between WSTF and BrdU (Yellow). **B** WSTF and SNF2H enrichment relative to the replication fork and sites of chromatin assembly, designated by PCNA and CAF1. Images show examples of indirect immunofluorescence in hTERT-RPE1 nuclei. Top row: CAF1 (Green) and PCNA (Red). Middle row: CAF1 (Green) and SNF2H (Red). Bottom row: WSTF (Green) and PCNA (Red). White arrowheads point to the Xi. Nuclei counterstained with DAPI (Blue). The last panel in the series highlights the overlap between the red and green channels (Yellow).](pone.0050023.g004){#pone-0050023-g004}

Materials and Methods {#s2}
=====================

Cell culture and BrdU labeling {#s2a}
------------------------------

Cell lines used include: hTERT-RPE1, a 46,XX telomerase-immortalized human cell line derived from the retinal pigment epithelial primary cells RPE-340 (Clontech, Laboratories, Inc., No. C4000-1), hTERT-BJ1, a 46,XY telomerase immortalized human cell line derived from a primary foreskin primary fibroblast cells (Clontech Laboratories, Inc., No C4001-1), 46,XY primary skin fibroblasts CCD-1140sk (ATCC CRL-2714), and 46,XX primary lung fibroblast cells IMR90 (ATCC CCL-186) and WI38 (ATCC CCL-85). All cells were maintained according to the supplier\'s recommendations. Incorporation of 5-Bromo-2′-deoxyuridine (BrdU; Sigma, B5002) into DNA was achieved by supplementing culture media with 40μM BrdU for 10 min prior to fixing and extracting cells as described below.

![WICH enrichment at the Xi is spatially and temporally distinct from BRCA1 and γ-H2A.X association.\
**A** Examples of hTERT-RPE1 nucleus showing the distribution by indirect immunofluorescence of WSTF (Green) and BRCA1 (Red). Nuclei counterstained with DAPI (Blue). White arrowheads point to the Xi. Top row: WSTF enrichment with BRCA1 enrichment. Middle row: WSTF enrichment without BRCA1 enrichment. Bottom row: both BRCA1 enrichment without WSTF. **B** Representative examples as above, but showing γ-H2A.X (Red) instead of BRCA1. White arrowheads point to the Xi.](pone.0050023.g005){#pone-0050023-g005}

Antibodies {#s2b}
----------

Rabbit anti-WSTF antibodies were obtained from Cell Signaling Technology (Cat No. 2152) and Bethyl Laboratories (Cat No. A300--446A). Mouse monoclonal antibodies to Fibrillarin (Cat No. ab4566--250) were obtained from Abcam. Anti-BrdU-FITC (Cat No. 1--202--693) antibodies were obtained from Roche. Goat polyclonal anti-BRM antibodies (Cat No. sc-6450), rabbit anti-CAF-1 antibodies (Cat No. sc-10772), and mouse monoclonal antibodies to PCNA (Cat No. sc-56) and BRCA1 (Cat No. sc-6954) were all obtained from Santa Cruz Biotech. Mouse monoclonal antibodies to phospho-H2A.X (Serine-139)(Cat No. 05--636) and SNF2H (Cat No. 05--698) were obtained from Millipore, as were rabbit polyclonal antibodies to histone H3 trimethylated at lysine-27 (Cat No. 07--449) histone H3 phosphorylated at serine 10 (Cat No. 06--570), histone H3 dimethylated at lysine 4 (Cat No. 07--0030), histone H3 acetylated at lysine 9 (Cat No. 06--942), and histone H3 trimethylated at lysine 9 (Cat No. 07--523). Mouse anti-HP1α (Cat No. MAB3584), anti-HP1β (Cat No. MAB3448), and anti-HP1γ (Cat No. MAB3450) were obtained from Chemicon International. Mouse anti-MYBBP1A (Cat No. SAB1400390) was obtained from SIGMA-Aldrich. Rabbit anti-macroH2A.1 antibody was described previously [@pone.0050023-Chadwick2]. Alexa-Fluor® conjugated secondary antibodies were obtained from Life Technologies Corporation (Invitrogen).

![WICH associates with the Xi prior to BRCA1 and γ-H2A.X.\
Panels show representative images of indirect immunofluorescence to H3S10ph (Green) and SNF2H, BRCA1, or γ-H2A.X (Red) in hTERT-RPE1 nuclei. Top row: SNF2H (Red) and H3S10ph (Green). Second and third rows: BRCA1 (Red) and H3S10ph (Green). Fourth and firth rows: γ-H2A.X (Red) and H3S10ph (Green). Nuclei counterstained with DAPI (Blue). White arrowheads point to the Xi.](pone.0050023.g006){#pone-0050023-g006}

10.1371/journal.pone.0050023.t002

###### Frequency of the appearance of H3S10ph and/or BrdU incorporation in hTERT-RPE1 cells.

![](pone.0050023.t002){#pone-0050023-t002-2}

  Number of Nuclei    Both H3S10ph and BrdU   H3S10ph only (% of total H3S10ph-containing nuclei)   BrdU only (% of total BrdU-containing nuclei)
  ------------------ ----------------------- ----------------------------------------------------- -----------------------------------------------
  237                          10                                 33 (76.74)                                         34 (77.27)
  108                           6                                 20 (76.92)                                         20 (76.92)

Immunofluorescence, immuno-DNA FISH, and immuno-RNA FISH {#s2c}
--------------------------------------------------------

Approximately 200,000 cells were grown directly on slides. Slides were washed once with 1X phosphate buffered saline (PBS) for 2 minutes at room temperature (RT) and fixed in 4% formaldehyde/1X PBS/0.1% Triton X-100 for 10 minutes at RT. Slides were washed twice in 1X PBS for 2 minutes each at RT and blocked in 3% BSA/1X PBS/0.1% Tween 20 for 30 minutes at RT. Slides were washed three times with 1X PBS for 2 minutes each at RT. Slides were incubated with primary antibodies in 1% BSA/1X PBS/0.1% Tween 20 for 1 hour at RT. Slides were washed three times with 1X PBS for 2 minutes each at RT before incubation with secondary antibodies in 1% BSA/1X PBS/0.1% Tween 20 for 1 hour at RT. Slides were washed three times with 1X PBS for 2 minutes each at RT, fixed as above, and finally washed three times with 1X PBS for 2 minutes each at RT. DNA was counterstained using ProLong® Gold antifade reagent supplemented with 4′,6-diamidino-2-phenylindole (DAPI)(Life Technologies Corporation). Detection of BrdU incorporation was performed after staining and fixing. Antibody access was achieved by treating cells in 4N HCl for 10 min at RT prior to neutralizing in 1x PBS and staining with anti-BrdU-FITC for 1 hour in 1%BSA/1xPBS/0.1% Tween 20. Slides were then washed, fixed, and washed again as described above. For immunofluorescence combined with DNA FISH, immunofluorescence was first performed as described above. Bacterial Artificial Chromosomes (BACs) were obtained from the BACPAC resource center (Children\'s Hospital Oakland Research Institute). P1-artificial chromosome (PAC) RP5-1174A5, which contains rDNA and detects the Nucleolar Organizing Regions (NOR)[@pone.0050023-Finelli1] was obtained from Dr. P. Finelli. The FISH probe was denatured in the presence of human Cot-1 DNA (15279-011, Life Technologies Corporation) at 78°C for 10 minutes followed by 30 minutes at 37°C to block repetitive sequences before applying to the slides. Slides were dehydrated in 70% and 100% ethanol for 3 minutes each at 4°C and then denatured in 50% formamide/2X SSC for 10 minutes at 83°C. Slides were dehydrated once more and air-dried before applying the FISH probe, sealing under cover glass, and incubating overnight at 37°C. Slides were then washed twice in 50% formamide/2X SSC at 43°C for 8 minutes each and once in 2X SSC at 43°C for 8 minutes. Antifade containing DAPI was added to the slides. Immunofluorescence combined with RNA FISH was performed essentially as described [@pone.0050023-McLaughlin1].

![Ideogram of the X chromosome (Center, black and white) detailing the approximate locations of H3K9me3/HP1 (Left, green) and H3K27me3/XIST RNA/macroH2A (Left, red) territories.\
The X inactivation center (XIC) is depicted in light blue (Left). The groups of BAC clones used are shown as blocks (Right, dark blue) which span the approximate location of all clones in the pool. The location of BAC clone 423G05 is indicated by the black arrowhead. The X chromosome ideogram was adapted from David Adler, University of Washington ([www.pathology.washington.edu/research/cytopages/ideograms/human](http://www.pathology.washington.edu/research/cytopages/ideograms/human)). For a detailed list of the BAC clones, see the Supporting Information, [Table S1](#pone.0050023.s001){ref-type="supplementary-material"}.](pone.0050023.g007){#pone-0050023-g007}

![WICH enrichment at the Xi does not overlap with H3K27me3, macroH2A1 or XIST, but does show limited overlap with the HP1 and H3K9me3 territories.\
**A** WSTF or SNF2H enrichment relative to facultative-like heterochromatin. Images show examples for the distribution of SNF2H (Red) relative to macroH2A.1 (Green, top row), and WSTF (Green) relative to H3K27me3 (Red, middle row) in hTERT-RPE1 nuclei by indirect immunofluorescence. Bottom panels show WSTF distribution by indirect immunofluorescence (Red) relative to hybridization pattern of a direct-labeled XIST probe (Green) in a hTERT-RPE1 nucleus. White arrowheads point to the Xi. Overlapping signals appear yellow. Nuclei counterstained with DAPI (Blue). The last panel in the series shows an enlarged view of the area indicated by white arrowheads. **B** WSTF or SNF2H enrichment relative to constitutive-like heterochromatin marks. Images show examples for the distribution of SNF2H (Red) relative to H3K9me3 (Green, top row) and WSTF (Green) relative to HP1α (Red, second row), HP1β (Red, third row) and HP1γ (Red, bottom row) in hTERT-RPE1 nuclei by indirect immunofluorescence. Overlapping signals appear yellow. Panels to the right show nuclei counterstained with DAPI (Blue). White arrowheads point to the Xi. The last panel in the series shows an enlarged view of the area indicated by white arrowheads.](pone.0050023.g008){#pone-0050023-g008}

Fluorescence *in situ* hybridization probe preparation {#s2d}
------------------------------------------------------

Direct-labeled FISH probes were prepared using a Nick Translation kit with SpectrumGreen dUTP according to the manufacturer\'s recommendations (Abbott Molecular). RP11-423G05 BAC was obtained from the BAC-PAC Resource Center, Children\'s Hospital Oakland Research Institute.

![WICH is enriched in the vicinity of the Xi as defined by the hypo-H3K9Ac and hypo-H3K4me2 territory of the Xi at interphase.\
Representative images showing SNF2H distribution (Red) relative to H3K4me2 (Green, top row) or H3K9Ac (Green, bottom row) in hTERT-RPE1 nuclei by indirect immunofluorescence. White arrowheads point to the Xi. Nuclei were counterstained with DAPI (Blue, far right panels).](pone.0050023.g009){#pone-0050023-g009}

![WICH does not associate with all Xi DNA equally as defined by FISH with X-linked BAC probes.\
Examples show the distribution of WSTF (Red) by indirect immunofluorescence relative to the hybridization pattern of direct-labeled 423G05 BAC probe (Green) in hTERT-RPE1 nuclei. White arrowheads point to the Xi FISH signal, and white arrows point to the FISH signal on the active X (Xa). Nuclei were counterstained with DAPI (Blue).](pone.0050023.g010){#pone-0050023-g010}

Image acquisition {#s2e}
-----------------

Images were collected using a DeltaVision pDV. Delta Vision images were deconvolved with softWoRx 3.7.0 (Applied Precision) and compiled with Adobe Photoshop CS2 (Adobe Systems).

Results {#s3}
=======

Transient association of WSTF with the human Xi {#s3a}
-----------------------------------------------

A previous screen investigating the distribution of a variety of chromatin proteins with the human Xi revealed that most proteins were either enriched, deficient, or showed comparable levels at the Xi relative to their general nuclear distribution [@pone.0050023-Chadwick3]. A fourth type of protein, those that are elevated at the Xi in only a small proportion of cells, was also identified. Examination of the nuclear distribution of the multifunctional chromatin protein WSTF [@pone.0050023-Barnett1] in the diploid female hTERT-RPE1 cell line showed that in a small number of cells ([Table 1](#pone-0050023-t001){ref-type="table"}) the protein was enriched in the vicinity of the Barr body ([Figure 1A](#pone-0050023-g001){ref-type="fig"}); a densely staining DNA mass that corresponds to the Xi [@pone.0050023-Barr1]. An indistinguishable pattern of distribution was obtained when using an antibody raised to an independent epitope of WSTF (Compare the left and right panels in [Figure 1A](#pone-0050023-g001){ref-type="fig"}) confirming that the enrichment corresponded to WSTF protein and not an antibody artifact. Extending this analysis to other diploid cells indicated that the enrichment was common to all female, but not male cells examined ([Figure 1B](#pone-0050023-g001){ref-type="fig"} and [Table 1](#pone-0050023-t001){ref-type="table"}).

The WICH complex localizes to the Xi {#s3b}
------------------------------------

Prior research indicates that WSTF participates in several different complexes [@pone.0050023-Barnett1]. Thus, we sought to determine what context WSTF can be seen in when enrichment is observed at the Xi. Towards this goal, we performed immunostaining on hTERT-RPE1 cells using antibodies raised against WSTF and subunits of the various WSTF-containing complexes. We used BRM for [W]{.ul}STF [I]{.ul}ncluding the [N]{.ul}ucleosome [A]{.ul}ssembly [C]{.ul}omplex (WINAC) [@pone.0050023-Yoshimura1] and SNF2H [@pone.0050023-Lazzaro1] for the WICH and B-WICH chromatin remodeling complexes [@pone.0050023-Bozhenok1], [@pone.0050023-Cavellan1].

In hTERT-RPE1 cells, the distribution of WSTF appeared distinct from BRM, and consistent with previous observations, BRM was deficient at the Xi [@pone.0050023-Chadwick3] even when WSTF was enriched ([Figure 2](#pone-0050023-g002){ref-type="fig"}, top row). In contrast, WSTF showed substantial overlap with SNF2H at the Xi in 100% of cells that had WSTF enrichment ([Figure 2](#pone-0050023-g002){ref-type="fig"}, bottom row, n = 72).

WSTF participates in two separate SNF2H-containing complexes. The first complex, WICH, consists of WSTF and SNF2H only [@pone.0050023-Bozhenok1] and is associated with transcription regulation and chromatin remodeling [@pone.0050023-Poot1], [@pone.0050023-Bozhenok1], [@pone.0050023-Poot2]. The second complex, B-WICH, contains WSTF and SNF2H alongside several other factors [@pone.0050023-Cavellan1], and has been linked to ribosomal gene transcription [@pone.0050023-Cavellan1], [@pone.0050023-Vintermist1].

Since both complexes contain WSTF and SNF2H, the colocalization of these two proteins at the Xi raises the question of whether WSTF enrichment at the Xi occurs as part of the WICH or B-WICH complex. The B-WICH complex has been shown to localize to the fibrillar region of nucleoli in order to participate in both RNA polymerase I and RNA polymerase III transcription [@pone.0050023-Cavellan1], [@pone.0050023-Vintermist1], [@pone.0050023-Percipalle1]. To identify the specific WSTF-complex at the Xi, we performed additional immunofluorescence analyses with antibodies raised against WSTF and the conserved nucleolar protein fibrillarin [@pone.0050023-Jansen1]. Additionally, we performed immuno-DNA FISH using antibodies raised against WSTF and a direct labeled PAC probe, RP5-1174A5, which contains rDNA repeats and highlights the nuclear organizing region (NOR) [@pone.0050023-Finelli1]. Our results indicated that when WSTF enrichment was observed in comparison to fibrillarin, ([Figure 3A](#pone-0050023-g003){ref-type="fig"}), 96% of the WSTF enrichments were located on the periphery of nuclei and were not in the vicinity of the fibrillar region of nucleoli ([Figure 3D](#pone-0050023-g003){ref-type="fig"}, n = 93). Similarly, in comparison to the NOR regions ([Figure 3B](#pone-0050023-g003){ref-type="fig"}), 87% of the WSTF enrichments were not located near a nucleoli, but were found on the nuclear periphery ([Figure 3D](#pone-0050023-g003){ref-type="fig"}, n = 46)--evidence that WSTF enrichment at the Xi most likely occurs as part of the WICH complex. To further distinguish WSTF enrichment in the context of the WICH or B-WICH complex, we performed immunofluorescence with antibodies raised against WSTF and a bona fide marker of the B-WICH complex, Myb-binding protein 1A (MYBBP1A)([Figure 3C](#pone-0050023-g003){ref-type="fig"})[@pone.0050023-Cavellan1]. Our results indicated that WSTF enrichment appeared at the nuclear periphery and separate from MYBBP1A in 84% of WSTF enriched nuclei ([Figure 3D](#pone-0050023-g003){ref-type="fig"}, n = 45), strongly supporting the conclusion that WSTF enrichment at the Xi is WICH and not B-WICH. From this point forward, where appropriate we will refer to enrichment of SNF2H or WSTF at the Xi as the WICH complex using either as a marker for the chromatin remodeling complex.

WICH interacts with the Xi during its replication in late S phase {#s3c}
-----------------------------------------------------------------

The transient nature of the WICH enrichment at the Xi ([Table 1](#pone-0050023-t001){ref-type="table"}) suggests association in a cell-cycle dependent manner. Prior research has revealed that WSTF associates with pericentric heterochromatin [@pone.0050023-Bozhenok1] and is recruited to replication foci through interaction with proliferating cell nuclear antigen (PCNA) [@pone.0050023-Poot1]. Therefore, we sought to determine if elevated levels of WICH at the Xi correlated with late S-phase, the period in which the Xi DNA is replicated [@pone.0050023-Gilbert1], [@pone.0050023-Morishma1]. Cells show characteristic patterns of BrdU incorporation for early, mid, and late S-phase [@pone.0050023-Dimitrova1], and the Xi can be readily detected in late S-phase [@pone.0050023-Chadwick4]. Cells were briefly pulse labeled with BrdU and WSTF distribution was examined. WSTF showed substantial, but not complete overlap with BrdU at the Xi ([Figure 4A](#pone-0050023-g004){ref-type="fig"}), and all cells with WSTF enrichment at the Xi were in late S-phase (n = 53). Not all late S cells, however, were enriched for WSTF (22.0% of late S-phase cells did not exhibit WSTF enrichment, n = 59) indicating that WICH association with the Xi occurs during a narrow period of late S-phase, accounting for the low number of cells displaying enrichment ([Table 1](#pone-0050023-t001){ref-type="table"}).

To further characterize the relationship of WICH with replicating DNA, we made comparisons to the distribution of the p150 subunit of chromatin assembly factor (CAF1), which plays a critical role in assembly of nucleosomes on newly replicated DNA [@pone.0050023-Kaufman1], and the DNA polymerase auxiliary protein PCNA, which coordinates DNA synthesis on the leading and lagging strands [@pone.0050023-Prelich1]. PCNA, along with CAF1, has a central role in the inheritance of chromatin state during S-phase [@pone.0050023-Zhang1] and can be used to highlight the replicating Xi during this point in the cell cycle [@pone.0050023-Chadwick1]. These two proteins largely overlapped at the Xi, as can be seen with the example shown in [Figure 4B](#pone-0050023-g004){ref-type="fig"}. A comparison of SNF2H or WSTF with CAF1 or PCNA, respectively, showed that while the various protein complexes were apparent at the replicating Xi at the same point in time ([Figure 4B](#pone-0050023-g004){ref-type="fig"}), they occupied largely separate territories with relatively small regions of overlap ([Figure 4B right panel](#pone-0050023-g004){ref-type="fig"}), and, therefore, some WICH was independently occupying regions of the Xi as it was replicated. Prior studies have shown that WSTF interacts with PCNA [@pone.0050023-Poot1] and this is believed to be the mechanism used to recruit WICH to replication foci [@pone.0050023-Poot2]. Our data are mostly consistent with these observations, although sites of WSTF association with the Xi that were not co-occupied by PCNA suggest that WICH can be retained at replicating chromatin in a PCNA-independent manner [@pone.0050023-Poot1].

WICH associates with the Xi before BRCA1 and γ-H2A.X {#s3d}
----------------------------------------------------

We have previously shown that BRCA1 and γ-H2A.X transiently associate with the Xi during late S-phase [@pone.0050023-Chadwick1]. Therefore, we sought to determine the spatiotemporal relationship of WICH with BRCA1 and γ-H2A.X at the Xi by comparing patterns of each with relation to one another as well as to a marker of G2. Although WICH and BRCA1 can be enriched at the Xi at the same time ([Figure 5A](#pone-0050023-g005){ref-type="fig"}, top row), the two showed no obvious overlap and instead occupied closely abutting regions of the Xi territory. In 20% of nuclei (n = 65), WSTF enrichment was seen without BRCA1 ([Figure 5A](#pone-0050023-g005){ref-type="fig"}, middle row). Likewise, 59.1% of nuclei (n = 44) showed BRCA1 enrichment without WSTF ([Figure 5A](#pone-0050023-g005){ref-type="fig"}, bottom row), suggesting a sequential association of the two proteins at the Xi. In contrast, WSTF partially overlapped γ-H2A.X distribution ([Figure 5B](#pone-0050023-g005){ref-type="fig"}, top row) in some nuclei, but like BRCA1, nuclei were observed that were enriched only for WSTF ([Figure 5B](#pone-0050023-g005){ref-type="fig"}, middle row) or only for γ-H2A.X ([Figure 5B](#pone-0050023-g005){ref-type="fig"}, bottom row). Given that BRCA1 also overlaps γ-H2A.X [@pone.0050023-Chadwick1] suggests that γ-H2A.X at the Xi bridges the periods of WSTF and BRCA1 association. It remains unknown, however, in what order these proteins associate with the Xi (WICH, γ-H2A.X, then BRCA1 or the opposite order).

Phosphorylation of histone H3 at serine 10 (H3S10ph) initiates at heterochromatic regions during G2 and continues to accumulate as cells proceed toward mitosis [@pone.0050023-Hendzel1]. However, in hTERT-RPE1 cells, H3S10ph is detected several hours prior to mitosis [@pone.0050023-HayashiTakanaka1] with 23.19% of H3S10ph-positive nuclei also exhibiting BrdU incorporation, marking cells in either very late S-phase or G2 ([Table 2](#pone-0050023-t002){ref-type="table"}). Using indirect immunofluorescence, we looked for cells showing elevated levels of SNF2H, BRCA1, and γ-H2A.X at the Xi relative to detection of H3S10ph ([Figure 6](#pone-0050023-g006){ref-type="fig"}). SNF2H enrichment never coincided with the appearance of H3S10ph (n = 50). However, H3S10ph was present in 72.4% of BRCA1 enriched nuclei and (n = 76) and 41.5% of γ-H2A.X enriched nuclei (n = 82). We interpret these findings as the WICH complex associating with the Xi prior to both γ-H2A.X and BRCA1, with BRCA1 associating last.

WICH shows minimal overlap with some but not all chromatin features of the Xi {#s3e}
-----------------------------------------------------------------------------

Heterochromatin of the human Xi is characterized by the *cis* association of XIST RNA [@pone.0050023-Brown1], the presence of histone variant macroH2A1 [@pone.0050023-Costanzi1], binding of the human homologues of drosophila heterochromatin protein 1 (HP1)[@pone.0050023-Chadwick3], alpha, beta, and gamma [@pone.0050023-Saunders1], [@pone.0050023-Ye2], and trimethylation of histone H3 lysine residues 9 (H3K9me3)[@pone.0050023-Chadwick5] and 27 (H3K27me3)[@pone.0050023-Plath1], [@pone.0050023-Silva1], that are non-randomly arranged into two non-overlapping territories at the Xi ([Figure 7](#pone-0050023-g007){ref-type="fig"}) [@pone.0050023-Chadwick5]. Previously we reported that BRCA1 and γ-H2A.X do not appear to overlap with chromatin features of the Xi [@pone.0050023-Chadwick1]. Similarly, we found that WICH did not overlap with features of the facultative-like heterochromatin on the Xi (macroH2A1, H3K27me3, and XIST RNA; [Figure 7](#pone-0050023-g007){ref-type="fig"}, red)[@pone.0050023-Chadwick5], but instead occupied comparable sized territories immediately adjacent ([Figure 8A](#pone-0050023-g008){ref-type="fig"}). Next we examined the constitutive-like heterochromatin features H3K9me3 and HP1α, HP1β, and HP1γ, thatin hTERT-RPE1 cells occupy a substantial proportion of the Xi [@pone.0050023-Chadwick5]([Figure 7](#pone-0050023-g007){ref-type="fig"}, green). In most instances these features also appeared distinct from WICH. However, unlike the facultative-like heterochromatin markers that usually occupied territories that were side-by-side with WICH, the constitutive-like heterochromatin markers frequently appeared intertwined with WICH ([Figure 8B, right panel](#pone-0050023-g008){ref-type="fig"}s). Furthermore, close examination revealed small, but not insignificant regions of overlap with HP1 and H3K9me3--something not observed with macroH2A1, H3K27me3, or XIST.

The limited overlap for some Xi features with WICH and complete lack for others could be interpreted as WICH enrichment reflecting a chromatin territory close to the Xi, but not the Xi itself. To address this, we took two complementary approaches. First, we compared the enrichment of WICH to the distribution of histone H3 dimethylated at lysine 4 (H3K4me2) and H3 acetylated at lysine 9 (H3K9Ac). Nucleosomes of the Xi are hypoacetylated [@pone.0050023-Jeppesen1], [@pone.0050023-Boggs2] and underrepresented for H3K4me2 [@pone.0050023-Boggs1], which is consistent with the association of both modifications with euchromatin [@pone.0050023-Kouzarides1]. As such, by immunofluorescence the Xi appears as a distinct hole in the distribution, demarcating the territory of the chromosome [@pone.0050023-Boggs1], [@pone.0050023-Chadwick3]. Elevated levels of WICH at the Xi clearly reside within this hypo-H3K9Ac and hypo-H3K4me2 region ([Figure 9](#pone-0050023-g009){ref-type="fig"}). Next, we performed WSTF immunofluorescence combined with fluorescence *in situ* hybridization (FISH) with X-linked bacterial artificial chromosomes (BACs). Several BAC clones were selected that reside within bands of macroH2A.1/H3K27me3 or H3K9me3 ([Figure 7](#pone-0050023-g007){ref-type="fig"}, blue; [Table S1](#pone.0050023.s001){ref-type="supplementary-material"})[@pone.0050023-Chadwick6]. While most BACs appeared close to sites of WICH Xi-enrichment (data not shown), one BAC (RP11-423G05) containing the *DOCK11* gene overlapped with WICH enrichment in 74.6% of cells ([Figure 10](#pone-0050023-g010){ref-type="fig"}, n = 59; [Figure 7](#pone-0050023-g007){ref-type="fig"}, black arrowhead). This suggests that WICH is not associating uniformly with all regions of the Xi, but perhaps its activity is restricted to specific regions.

Discussion {#s4}
==========

WSTF has been implicated in heterochromatin replication, in particular HP1-containing heterochromatin [@pone.0050023-Poot1], [@pone.0050023-Bozhenok1], and is a candidate for the maintenance of chromatin states in somatic cell division [@pone.0050023-Poot2]. In a mouse mutagenesis screen, both components of the WICH complex (Snf2h and Wstf) [@pone.0050023-Bozhenok1] were independently identified as enhancers of transgene variegation [@pone.0050023-Ashe1] supporting a role for this complex in epigenetic inheritance. Here we report that the WICH complex associates with the territory of the Xi as the chromosome is replicated in late S-phase prior to the appearance of γ-H2A.X and BRCA1 at the Xi [@pone.0050023-Chadwick1]. While elevated levels of WICH at the Xi appear to precede serine 139 phosphorylation of H2A.X, the two do appear to overlap in some cells. The same is not true for BRCA1 that always appears spatially distinct from WICH and that, with γ-H2A.X, remains associated with the Xi territory into a later point in late S-phase or, possibly, early G2 than WICH enrichment. One interpretation of these data is that phosphorylation of serine 139 of H2A.X occurs at the Xi immediately before BRCA1, which is supported by γ-H2A.X recruiting BRCA1 [@pone.0050023-Paull1].

Chromatin of the human Xi is composed of two spatially distinct types of heterochromatin for which the underlying DNA replicates during distinct periods of late S-phase [@pone.0050023-Chadwick5], [@pone.0050023-Chadwick6]. DNA characterized by facultative-like heterochromatin (macroH2A1, H3K27me3, and XIST) replicates in the first part of late S-phase, whereas DNA packaged into constitutive-like heterochromatin (H3K9me3 and HP1) replicates immediately after this period in very late S-phase [@pone.0050023-Chadwick5]. Our previous analysis of BRCA1 and γ-H2A.X at the Xi in late S-phase found that neither showed extensive overlap with either heterochromatin type, but instead appeared to reside in a territory immediately adjacent [@pone.0050023-Chadwick1], [@pone.0050023-Xiao1]. What role BRCA1 has at the Xi in this capacity remains unclear [@pone.0050023-Ganesan1], [@pone.0050023-Pageau1], [@pone.0050023-Xiao1]. Consistent with these observations, we do not see extensive overlap between the WICH complex and features of the Xi. However, close examination of deconvolved images of WSTF with the distribution of HP1 or H3K9me3 does show that at least some regions are overlapping. However, it is important to note that HP1 has been shown to be recruited to sites of DNA damage to assist in repair [@pone.0050023-Ayoub1], [@pone.0050023-Luijsterburg1]. It is possible therefore, that when WICH is seen overlapping with HP1 at the Xi, that this HP1 is not necessarily associating with constitutive-like heterochromatin, but is, in fact, localizing to regions of DNA damage, which could be found at either constitutive-like or facultative-like heterochromatin.

Overlap was never seen between WSTF enrichment and the facultative-like heterochromatin type. One plausible explanation for this could be that this type of heterochromatin dissipates as the chromatin is replicated [@pone.0050023-Chadwick4] and, as a consequence, the WICH complex could actually be acting on this territory when seen adjacent to HP1 and H3K9me3 chromatin. Alternatively, WICH may not be associating with facultative-like chromatin as suggested by our inability to detect an overlap between WICH and FISH with probes from this territory [@pone.0050023-Chadwick6]. Only a probe from the H3K9me3/HP1 region was coincident with WICH enrichment suggesting that its role on the Xi is restricted to the HP1-containing chromatin. Previous WSTF knock-down experiments demonstrated that primarily HP1β-containing regions were impacted by WSTF deficiency [@pone.0050023-Poot1]. Although we concluded that WSTF enrichment at the human Xi represented the WICH complex and not the nucleolar-associated B-WICH complex, it is interesting that HP1 subtypes have been linked to the transcription of ribosomal genes [@pone.0050023-Yuan1], [@pone.0050023-HarnicarovaHorakova1]. Therefore, WSTF may act at HP1β in general, regardless of whether as WICH or B-WICH.

In mouse, replication of the Xi coincides with relocalization of the chromosome to a perinucleolar position, in the vicinity of a region of Snf2h enrichment [@pone.0050023-Zhang2]. It is conceivable that the perinucleolar Snf2h actually represents the WICH complex suggesting a common mechanism of Xi replication between man and mouse. Failure to localize to this region compromised Xi heterochromatin and gene silencing [@pone.0050023-Zhang2], supporting an important role for Snf2h containing complexes in maintaining the Xi. In identifying the WSTF containing complex that is associating with the human Xi, we concluded that it is the WICH complex since WSTF enrichment did not colocalize with a known marker of the nucleoli-associated B-WICH complex [@pone.0050023-Barnett1].

This analysis highlights, however, a difference between human and mouse. Our data indicate that the replicating human Xi with WICH enrichment were found more often at the nuclear periphery than in a perinucleolar region. Nevertheless, the presence of Snf2h/SNF2H is common suggesting that while the subnuclear localization may not be conserved in man, the chromatin-remodeling complex is, and, therefore, is likely important for the maintenance of human Xi chromatin.

WSTF has also been identified as the kinase responsible for the constitutive phosphorylation of H2A.X at tyrosine 142 [@pone.0050023-Xiao2]. Interestingly, the tyrosine 142 phosphorylation is depleted in response to DNA damage by the phosphatase eyes absent 1-3 (EYA1-3)[@pone.0050023-Cook1]. Removal of this phosphate from tyrosine triggers the recruitment of DNA damage response proteins, such as MDC1 [@pone.0050023-Xiao2], [@pone.0050023-Cook1], whereas failure to do so activates apoptosis [@pone.0050023-Cook1]. It is conceivable that elevated levels of WICH at the Xi during late S-phase corresponds to a wave of H2A.X tyrosine 142 phosphorylation, reestablishing the modification in newly formed chromatin. If WICH functions to prime the chromatin for a future DNA damage response, its association at the Xi in this capacity would be unlinked to the presence of γ-H2A.X and recruitment of BRCA1, which would be present after EYA1-3 removed the tyrosine phosphate from H2A.X in response to damage.

Precisely what function is being performed as WICH, γ-H2A.X, and BRCA1 sequentially associate with the Xi is debatable. Given that BRCA1 and WICH are both implicated in the maintenance of heterochromatin [@pone.0050023-Zhu1], [@pone.0050023-Poot2] and that mouse Xi chromatin is compromised when the kinases responsible for H2A.X serine 139 phosphorylation are inhibited [@pone.0050023-Ouyang1] suggests, however, a direct or indirect role in the maintenance of Xi heterochromatin. Additionally, the role of WSTF in reestablishing the ground state for future DNA damage responses [@pone.0050023-Xiao2] and the fact that WSTF associates with newly replicated DNA provides further evidence that the WICH complex is an integral component in chromatin maturation. Further investigation of the function of WICH is required to reveal how this dynamic complex contributes to the many layers of chromatin maturation and maintenance.

Supporting Information {#s5}
======================
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**List of BAC clone pools used for FISH with WSTF indirect-immunofluorescence.** BAC clone members of each pool (1--6 as indicated in [Figure 7](#pone-0050023-g007){ref-type="fig"}) are highlighted in different colors and their coordinates on the X (where known) are given based on hg18, as are genes or genomic features of interest in the corresponding BAC. The BAC clone RP11-423G05 that is shown overlapping WSTF in [Figure 10](#pone-0050023-g010){ref-type="fig"} is highlighted in black.
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Click here for additional data file.
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